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Motion illusion refers to a perception of motion that is absent or different in the physical stimulus. These 
illusions are a powerful non-invasive tool for understanding the neurobiology of vision because they tell us, 
indirectly, how we process motion. There is general agreement in ascribing motion illusion to higher-level 
processing in the visual cortex, but debate remains about the exact role of eye movements and cortical 
networks in triggering it. Surprisingly, there have been no studies investigating global illusory motion 
evoked by static patterns in animal species other than humans. Herein, we show that fish perceive one of the 
most studied motion illusions, the Rotating Snakes. Fish responded similarly to real and illusory motion. 
The demonstration that complex global illusory motion is not restricted to humans and can be found even in 
species that do not have a cortex paves the way to develop animal models to study the neurobiological bases 
of motion perception. 

Do animals see the world as we see it? In the last thirty years, neuroscientists have made amazing progress in 
understanding the functioning of our visual system. One of the most important findings is that some 
features of the visual system, for example, the molecular machinery that underlies visual phototransduc- 
tion, are extraordinarily similar in organisms ranging from jellyfish to humans'. Neurobiologists have found that, 
in some cases, even the neural circuitry that processes visual information has similar organizational principles, as 
shown by classical investigations of the visual cortex of humans, cats and macaques''"'. 

Our visual system, however, does much more than simply reproducing the outside world: it is an active process 
that recreates a peculiar reality for each brain. The two-dimensional image projected on our retina is decomposed 
into distinct streams (e.g., orientation, shapes, color, and motion features) on which the visual areas buUd a 
plausible three-dimension reconstruction of the visual environment. Our perception of a visual stimulus can, 
therefore, differ considerably from its physical counterpart. For this reason, even the most striking similarity 
between the visual systems does not guarantee that an animal perceives a visual scene as we do. In this respect, 
visual illusions can be an open window into how an animal perceives the world, a powerful non-invasive tool that 
complements neurobiological investigation*. Research on illusions has shown, for example, that the visual 
systems of mammals, birds and insects follows similar principles for the segregation of objects from the 
background^'''. 

Motion illusion is a type of visual illusion in which we perceive motion that is different (in direction, strength, 
etc' '"^j from that present in the physical stimulus; or, even more strikingly, the perception of motion is induced 
by a completely static pattern'-' As regards this latter family of stimuli, neurobiological and behavioral studies 
showed that both fixational eye movements"'"' and cortical processing'*" ''' are responsible for the perception of 
motion, but some outstanding questions remain unsolved. In particular, there is considerable debate among 
investigators as to whether gaze instability is stricfiy necessary to the illusory motion perception or, rather, if 
fixational eye movements only improve the strength of the illusion. Interestingly, not all subjects report perceiving 
illusory motion''^'^''. The origin of this polymorphic response is not entirely clear, but Fraser and WUcox^^ reported 
a significant parent-offspring correlation in the response to a motion illusion indicating either a genetic causation 
or a common environment effect. A subsequent analysis based on monozygotic-dizygotic twin comparison 
supported the strong genetic nature of this polymorphism. Recently Gori et al.^"* showed that a specific genetic 
variance significantly reduce the ability of perceive illusory motion. 

The literature reported motion after effects (small misperceptions of motion induced by prior exposure to 
opposite direction motion) or illusory reversal in motion direction due to flicker in different animals (mammals, 
birds and insects)^"""^", but these effects can also be explained in humans without complex cortical elaboration. On 
the contrary, the global illusory motion experienced, for example, in the Rotating Snakes illusion (RSI)'"* is a very 
different effect. This complex and large illusory motion may share the name "illusory motion" with other small 
effects, but it is, indeed, different in quality, quantity and, more importantly, in the brain structures that seemed to 
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be necessary to perceive it. Surprisingly, despite long-standing inter- 
est on global motion illusion by psychologists, physiologists and 
neuroscientists there have been no studies reporting in non-human 
animals an illusion able to produce global motion induced by static 
patterns. A partial exception is a study of Conway et al.^° reporting 
that direction-selective neurons in the macaque visual cortex gave 
directional responses when monkeys saw a static sequence of colors 
characterizing the RSI (Fig la) that induces motion perception in 
humans. However, this study did not show if the recorded neuronal 
response reaches the conscious level because the monkeys did not 
perform a behavioral task of motion discrimination. Due to the 
extreme similarity in many aspects of vision, it would not be unex- 
pected to discover that non-human animals, which present several 
stages of cortical elaboration of visual motion input, may perceive 
illusory motion as humans. Less obvious is to predict whether lower 
vertebrates, such as fish, that completely lack cortical elaboration 
would respond to such a complex motion illusion. 

Even though fish have no cortex, they need to accurately process 
motion stimuli to hunt, escape predators or swim in a shoal as the 
accurate processing of motion information could mean the differ- 
ence between life and death. On the other hand, research has shown 
that fish can perceive first-order (luminance-defined or Fourier) 
motion as well as second-order (non-Fourier) motion"^'^. The 
Fourier motion is a motion characterized by a change in luminance 
recorded on the retina. The non-Fourier motion is defined as a 
motion in which the moving contour is characterized by the change 
in some aspects (e.g., contrast, texture, or flicker) that do not result in 
differences in luminance. The ability to perceive non-Fourier motion 
is usually attributed to higher-level processing in the primate visual 
cortex^'. Second-order motion perceived by the fish suggests that 
very efficient motion processing is already present in the retina^'. 
These results, therefore, show that lower levels in the visual pathway 
already processed complex types of motion before the cortex appear- 
ance in mammals"'*'. The challenge here is to discover if motion illu- 
sions like the global rotation we perceive in the static pattern of the 
RSI can also be processed without a cortex. 

To address these issues, in the present study we investigated the 
response to the RSI in two species of teleost fishes. The RSI is one of 
the most celebrated phenomena that show global illusory motion in a 
static pattern. It is a powerful variation of Fraser and Wilcox's pat- 
tern^^ and is characterized by the repetition of the following lumin- 
ance sequence: black-dark gray-white-light gray-black, in a circular 
configuration that creates a vivid impression of slow rotation. Using 
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Figure 1 | The nine-circle version of the Rotating Snakes Illusion (RSI) (a) 

created by the authors of this article based on the original pattern by Kitac 



computer displays, individual guppies (Poecilia reticulata) and zeb- 
rafish {Danio rerio) were presented with pairs of identical geomet- 
rical figures, one static and one physically rotating, and were trained 
to select the moving target in order to get a food reward. In the test 
phase, fish underwent non-rewarded probe trials in which they were 
presented with new pairs of stimuli, a RSI stimulus (Figure la) and a 
control stimulus that was identical to the illusory figure except that 
the luminance relationship was flipped between adjacent local tex- 
ture elements (Figure lb) so that the pattern does not induce illusory 
motion in humans"". In this situation, an animal perceiving a global 
rotation in the RSI stimulus is expected to select it rather than the 
counterpart that does not induce the motion illusion. 

Results 

Zebrafish. In the training phase, zebrafish showed a significant 
preference for the moving stimuli (one sample t-test, t(ii) = 7.27, p 

< 0.001). In the test phase, during which they were subjected to a 
series of non-rewarded probe trials (extinction trials) with the RSI 
and the control stimulus, zebrafish showed a clear choice of RSI 
compared with the control figure (one sample t-test, t(ii) = 8.31, p 

< 0.001) (Figure 3). For 10 out of 12 fish (83%), the performance did 
not differ between illusory and real motion. For the remaining two 
fish, real motion was significantly more effective as illusory motion. 
Accuracy did not differ with respect to the two variants of RSI: four 
circle RSI (mean ± SD: 0.61 ± 0.06), nine circle RSI (0.61 ± 0.07); 
paired t-test, tfn) = 0.18, p = 0.853. 

Guppy. Similar results were observed in guppies. In the training 
phase, guppies showed a significant preference for the moving 
stimuli (one sample t-test, t(ii) = 7.90, p < 0.001). In the test 
phase, they showed a significant choice of RSI compared with the 
control figure (one sample t-test, t(l 1) = 2.24, p = 0.046) (Figure 3). 
For 8 out of 12 fish (67%), illusory motion was equally effective as real 
motion. Real motion was significantly more effective for the four 
remaining fish. 

Fish performance did not differ with respect to the two variants of 
RSI: four-circle RSI (mean ± SD: 0.54 ± 0.29), nine-circle RSI (0.62 
± 0.15); paired t-test, t(ii) = 0.719, p = 0.487. 

No difference in the choice of RSI stimulus was found between the 
two species (independent t-test, t(22) = 0.30, p = 0.767). See Table 1 
to see the individual performance of each subject. 



b 




;d in the test phase and its static control stimulus (b). Those stimuli were 
and Ashida". 
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Table 1 [ Individual performance in the time spent near the moving target (training) and the Rotating Snake Illusion (test). The performance of 
1 0 out of 1 2 zebrafish (83%) and that of 8 out of 1 2 guppies (67%) did not significantly differ between training and test phase 

SUBJECTS TRAINING Mean ± Std. dev. TEST Mean ± Std. dev. t-test and p value 
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0.812 ± 
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Discussion 

Our results demonstrated, for the first time, that a non-human spe- 
cies does perceive global rotary illusory motion that is elicited by a 
static pattern. Although fish diverged from land vertebrates approxi- 
mately 450 million years ago and their visual system evolved in a very 
different ecological context, they are fooled by the RSI in a qualitative 
fashion that appears to be consistent with humans' perception of the 
same static figure. 

In humans, two main physiological mechanisms seem to underlie 
the perception of motion observed in the RSI. Some studies reported 
convincing results supporting the role of fixational eye movements in 
triggering motion musion"" '", while others stressed that the illusory 
effect originated in the visual cortex. Conway et al.^° reported that the 
differences in response latency to different contrast elements are 
responsible for the illusion and provided the first evidence that pairs 
of stimuli with the luminance sequence that characterizes the RSI can 
generate motion signals in the primary visual cortex (VI) and MT 




Figure 2 | Experimental apparatus. Fish were first trained with a food 
reward to discriminate between moving and non-moving targets displayed 
on two computer screens and hence tested in extinction with RSI stimulus 
and its static counterpart. 



direction-selective (DS) neurons. The two fMRI studies that directly 
investigated the RSP°"" recorded an increase in neural activity in the 
motion-sensitive area of the human visual cortex during the obser- 
vation of the RSI, suggesting that local motion signals in response to 
asymmetric spatial patterns at the level of VI are integrated in the 
motion-sensitive cortical area (V5-MT complex) that creates the 
vivid rotatory motion perception. Global rotation is a peculiar type 
of motion that requires specifically V5-MT activity, no matter 
whether it is reaP'' or illusory^'. The V5-MT complex possess neurons 
with large receptive fields that are able to integrate, into a global 



Zebrafish 



Guppies 




Tniining 



Test 



Figure 3 | Proportion of time spent by the fisli (N = 12 for each species) 
near the motion stimuli (training phase, 4 probe trials) and the RSI (test 
phase,12 probe trials). * = significant departure from chance level (0.5), 
p < 0.05. 
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motion, the local motion signals processed by the small receptive 
fields of the DS neurons populating VI. 

In sum, both neurobiological and behavioral studies suggest a 
critical role of the visual cortex in the perception of motion in the 
RSI. Fish show eye movements that, together with head and body 
movements, probably produce motion signals on their retina that are 
comparable to those experienced in humans during eye move- 
ments''*'''' but clearly do not have a cortex, and visual signals are 
processed by the optic tectum (OT). Therefore, different processes 
should be responsible for RSI in these organisms. 

The motion percept is possibly elicited by stimulus processing in 
DS visual neurons in fish, too. These units respond optimally to 
stimulus motion in one (preferred) direction, but not in the opposite 
direction. DS cells were first described in the OT of the goldfish^^^^ and 
also rabbits possess DS cells in their retina^^'. The DS ganglion cells 
(GC) in the retina are pure ON or OFF type and are characterized by 
small receptive fields. DS GC project to the OT. The DS neurons of 
the OT possess large receptive fields and collect signals from the 
retinal DS units of both ON and OFF subtypes with the same pre- 
ferred direction". One may argue that the fundamental mechanism 
that governs motion processing may have appeared early in verte- 
brate evolution and may still characterize today's fish. With appear- 
ance of the neocortex in the mammalian lineage, these mechanisms 
might have been co-opted by the visual cortical areas. A recent study, 
however, suggests that these old systems may stiU be in place, show- 
ing that these alternative pathways become apparent when the visual 
cortex is significantly damaged"*. Blindsight patients, which are char- 
acterized by damage of the primary visual areas, were found to be 
able to perceive apparent motion by seemingly relying on a retino- 
coUicular pathway, which bypasses VI, and directly reaches the MT/ 
V5 areas'*'. Studying animals that have no cortex but exhibit percep- 
tual behavior similar to human observers could be very useful to 
investigate mechanisms that were conserved in humans but are 
normally masked by the main modality of visual motion processing 
through the retino-geniculate-striate pathway. 

In humans, across all ages, only 84% of the observers reported 
perceiving the RSI and 75% reported perceived motion in the pre- 
vious pattern devised by Fraser and Wilcox-'''''^ It is interesting to 
note that comparable percentages of subjects were found here to 
perceive illusory motion in both guppies and zebrafish. In humans, 
this trait is highly heritable"^^ "^*; it will be interesting to see if this 
polymorphism has a genetic basis in fish as well. A genetic contri- 
bution to individual differences in post-retinal neural processing has 
been shown for several other aspects of vision, including binocular 
rivalry" and flicker fusion thresholds*", and contrast sensitivity"" 
variations in visual processing (perception and attention) have been 
associated with developmental disorders such as dyslexia and autism 
spectrum disorders*'' Both guppies and zebrafish have been widely 
used for behavioral genetic studies. The zebrafish genome was one of 
the first to be sequenced; resources are available for the identification 
of gene function*'', and the genome of the guppy is currently being 
sequenced^". Numerous tools are available, especially for the former 
species, including several mutations that involve defects in the visual 
system^'. The discovery that fish respond to motion illusions adds to 
other evidence that fish and humans share many features of the visual 
system and makes these organisms an ideal model to study the neu- 
robiology of motion perception. 

From a phylogenetic point of view, guppies are distantly related 
to zebrafish. According to recent estimates'"'', zebrafish and gup- 
pies belong to clades (Ostariophysi and Acanthopterygii, respect- 
ively), which diverged more than 250 million years ago. This 
suggests that the RSI perception might be a general feature of a 
teleost visual system. Comparative data from other vertebrate and 
invertebrate classes are now needed in order to determine 
whether this is a convergent trait that evolved independently in 
fish and primate lineages or whether all vertebrates, and even 



some invertebrates, share the same basic processes of motion 
perception. 

In conclusion, our evidence demonstrates that the visual system of 
fish is clearly equipped with neuronal mechanisms capable of medi- 
ating RSI and challenges the idea that higher-level, cortical mechan- 
isms are strictly necessary to elicit illusory motion. It seems plausible 
that the large receptive fields of the ON/OFF DS visual neurons, 
populating the OT, could serve as the neural substrate to process 
global illusory motion in the absence of a cortex. However, our 
results do not necessarily contradict the literature showing that 
humans need a cortex to perceive global illusory motion. Rather, 
we suggest that our findings and those from blindsight patients'* 
agree in indicating that, as shown for numerous other visual func- 
tions, the general principles that underlie motion perception 
appeared early in vertebrate evolution and have been conserved in 
the mammalian lineage even after many visual functions became 
localized in the neocortex. If confirmed, this would open up the 
possibility of developing useful animal models to study the genetic 
and neural bases of motion perception. 

Methods 

Subjects. Two species of teleosts were used in this study: zebrafish {Danio rerio), a 
leading model organism for studies in neurobiology of vision and 
neurodevelopmental genetics^\ and guppy {Poecilia reticulata), a leading model for 
behavioral studies in fish^\ Twelve adult female zebrafish and twelve adult female 
guppies were tested in our experiment. The two species were maintained separately in 
150 one-stock aquaria (approximately 15 individuals per aquarium). Aquaria were 
provided with natural gravel, an air filter, and live plants. Both stock aquaria and 
experimental tanks were maintained at a constant temperature of 25 ± fC and a 
14 : 10 h light ; dark (L:D) photoperiod with an 18-W fluorescent light. Before the 
experiment, fish were fed twice daily to satiation with commercial food flakes and live 
brine shrimp {Artemia salina). 

Apparatus and Stimuli. We use a modification of the procedures that have been 
traditionally adopted for investigating visual discrimination in fishes-^, a two- 
alternative spatial forced-choice paradigm that was recently developed by Agrillo 
et al.-'^ -"'' to study numerical competence in fish. 

The experimental apparatus was composed by a 50 X 19 X 32 cm tank. It was filled 
with gravel and 24 cm of water. The long walls were covered with green plastic 
material, and the short walls were covered with white plastic material. To reduce the 
potential effects of social isolation-', two mirrors (29 X 5 cm) were placed in the 
middle of the tank, 3 cm away from the long walls. At the two short ends of the tank, 
two identical monitors (19 inches) were used to present the stimuli. 

The stimuli employed in the training phase were pairs of identical geometrical 
figures (12 X 12 cm) presented on a computer screen. Each array contained circles, 
stars, triangles and rectangles presented in two different conditions: in the former 
('moving target'), the items rotated in a clockvdse or counterclockwise direction at 
three different speeds (5/15/21 rpm); in the latter condition, the same figures were 
presented without any movement (non-moving target). To avoid any issue related to 
potential difference in color vision of the two species, all stimuli were converted to 
grayscale (as the RSI and the control stimulus presented in the test phase). 

A total of 16 different couples of stimuli were employed and alternated in a pseudo- 
random order. In particular in the initial training, arrays containing a single figure 
(either static or dynamic) was presented. Subsequently, in order to familiarize fish 
with the complex pattern of the RSI, multiple figures were presented within each array 
(see Supplemental Material for examples). Moving and non-moving targets were 
created and presented through Adobe Flash CS4®. 

In test trials, we presented the Rotating Snakes Illusion'^ (Figure la). A grey-scale 
version of the RSP ' and its control (both encompassed in a 12 X 12 cm square) were 
presented in the test phase. The latter stimulus was identical to the illusory figure, 
except that the luminance relationship was flipped between adjacent local texture 
elements (Figure la and b). This pattern does not induce illusory motion in humans'^. 
Two different versions were created for both stimuli: 4 or 9 circles. 

Six identical experimental tanks were employed. They were placed close to each 
other on the same table and lit by two fluorescent lamps (36 W). A video camera was 
suspended about I meter above the experimental tanks and used to record the 
position of the subjects during the tests. 

Procedure. The experiment was divided into two different phases: training and test. 

Training. To familiarize the fish with the novel environment, in the nine days 
preceding the training, six subjects were simultaneously inserted in a tank similar to 
that used in the experiment but enlarged in size (60 X 40 X 35 cm). During the first 
day of this pre-training phase, subjects were exposed together to a continuous change 
of the monitors' background color (from black to white alternatively). This lasted for 
6 hours, during which the background color changed every hour. The second day, 
fish were moved in couples into the experimental tanks and underwent the same 
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treatment. After this phase, the subjects returned to their home tank for 5 days; then 
the same pre-training steps were repeated, one day in the enlarged tank and another 
day in the experimental tanks. 

After this period, the fish started the training phase. During this phase, they 
received four trials per day (three consecutive days, for a total of 12 trials). Soon after 
the stimuli appeared on the screens, the experimenter used a Pasteur pipette to release 
the food reward (brine shrimps) in correspondence with the moving stimulus; an 
identical syringe was used to simultaneously insert pure water close to the still 
stimulus. Subjects were left free to feed for seven minutes. After this time, the stimuli 
disappeared from the screen. The inter-trial interval lasted three hours. Stimuli were 
presented in a pseudo-random sequence and the left-right positions of the stimuli 
were counterbalanced over trials. 

In order to assess task learning, on days 4 and 5, two probe trials were alternated 
each day with two reinforced trials (four probe trials in total). In the probe trials, 
stimuli appeared on the screen for four minutes; no reinforcement was provided 
(extinction procedure) and the time spent by fish within 12 cm ('choice area', 
depicted as a dotted line in Figure 2) in correspondence to the stimuli was recorded as 
a measure of their capacity to discriminate between them. Reinforced trials were 
identical to those described for days 1 to 3. To avoid the possibility offish using the 
local/ spatial cues of their tank, each subject was moved from one tank to another at 
the end of each day. 

Test. After a two-day interval, three probe trials were presented each day for four 
consecutive days (days 8-11). The RSI was contrasted with its control stimulus. The 
inter-trial interval lasted three hours. The three probe trials were alternated with two 
reinforced trials in which we presented the same stimuli of the training phase (true 
moving vs. static targets), according to the following sequence: probe trial/reinforced 
trial/probe trial/reinforced trial/probe trial. The proportion of time spent near the RSI 
during probe trials was recorded as the dependent variable. Frequencies were arcsine 
(square root)-transformed"'^. 

In order to test if there could be other cues in the RSI stimulus, not related to 
motion, that might attract the subjects to this stimulus; or, vice versa, any other cue in 
the static control stimulus that might repel fish, we also ran a control experiment. 
Twelve naive fish, six guppies and six zebrafish, were singly housed in tanks similar to 
those used in the main experiment and acclimated for 24 h. Fish were then simul- 
taneously exposed to the RSI and the control stimuli and we recorded the position for 
20 minutes. After a 2-hour interval, we repeated the test, switching the position of the 
stimuli. We computed the time spent within 20 cm from the stimuli. Zebrafish spent 
51.9 ± 4.9% and guppies 51.8 ± 8.5% near the RSI stimulus. There was no significant 
preference/repulsion for any of the stimuli (Repeated Measure ANOVA, F(l,10) — 
0.411, P = 0.536), no species difference: (F(l,10) - 3.224, P - 0.103) or interaction 
(F(l,10) - 0.053, P - 0.823). 

The experiments comply with all laws of the country (Italy) in which they were 
performed (D.M. 1 16192) and the study was approved by the 'Ministero della Salute' 
(permit number: 6726-2011). The methods were carried out in accordance with the 
approved guidelines. 
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